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INTRODUCTION 

The  host-microbial  relationship  may  be 
modified  by  hypoxia  arising  naturally  or 
under  laboratory  circumstances.  Particular 
attention  has  been  directed  toward  effects  of 
hyperoxia  and  hypoxia  on  established  in¬ 
fections  (Schmidt,  1969:  Schmidt  and  Ball, 
1970;  Angrick  et  at,  1971).  Since  tissue 
hypoxia  may  be  a  major  result  of  circulatory 
impairment  associated  with  severe  bacterial 
infection  (Siegel  et  at.,  1967;  Duff  et  at., 
1969;  Rhoden  et  at,  1969),  attempts  have 
been  made  to  alleviate  this  deficit  through 
treatment  with  supplementary  oxygenation. 
(Blair  <"  at .,  1964:  Barnwell  et  at,  1966), 
With  aerobic  microorganisms  this  approach 
is  often  ineffective. 

In  contrast,  survival  times  may  be  pro¬ 
longed  if  the  host  animal  is  subjected  to 
hypoxic  stress.  For  example,  mice  infected 
with  Staphylom'ivs  aureus  have  been  reported 
to  demonstrate  significantly  prolonged  survi¬ 
val  times  following  treatment  with  hypoxic 
stress  initiated  by  Q.o  4tm  or  10%  oxygen 

This  study  was  supported  through  funds  provided 
by  the  Bureau  of  Medicine  and  Surgery,  Navy 
Department. 

The  reb  irth  described  in  this  rejxwt  Involved 
animals  maintained  In  animal  care  facilities  fully 
accredited  by  the  Anwrkan  Association  for  Accre¬ 
ditation  of  Laboratory  Animal  Cane. 

The  opinions  and  assertions  contained  herein  are 
those  of  the  author*  and  are  not  to  be  construed  as 
official  or  as  reflecting  the  views  of  the  Navy  Depart¬ 
ment  or  the  Naval  Service  at  Urge. 


(Barnwell  et  at,  1966).  This  treatment 
should  contribute  to  tissue  hypoxia  originat¬ 
ing  from  infection,  so  the  beneficial  effect 
derived  must  be  a  result  of  alteration  of 
metabolic  activities  which  are  of  more  im¬ 
mediate  importance  to  survival. 

Few  attempts  have  been  made  to  analyze 
mechanisms  by  which  hypoxic  stress  may 
affect  the  infection  process.  Investigations 
of  •’  s  type  can  provide  an  understanding  of 
some  of  the  effects  of  hypoxic  stress  as  well  as 
the  importance  of  certain  metabolic  events 
associated  with  infection.  The  following 
study  was  undertaken  to  determine  the 
effects  of  hypoxic  stress  on  survival  times  of 
mice  infected  with  S,  aureus  or  Klebsiella 
imeumortiue. 

MATERIALS  AND  METHODS 

Infection  :  S .  aureus  and  K.  pneumoniae  from 
18  hour  Brain  Heart  Infusion  broth  cultures 
were  washed  and  resuspended  in  saline  at  a 
concentration  >f  10s  viable  cells  per  ml. 
Random-bred  female  Swiss  mice  ten  weeks  of 
age  (25-30  gm)  were  inoculated  intraperiton- 
eaily  with  I  e.mm  of  the  bacterial  suspension. 
Such  large  doses  are  not  lethal  when  the  celts 
are  killed  before  inoculation  and  host  res¬ 
ponses  to  the  live  cell  injections  resemble 
those  associated  with  more  natural  infections. 

Treatment ;  Immediately  following  inocula¬ 
tion,  mice  were  *dther  exposed  to  20% 
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oxygen  (room  air)  or  to  10%  oxygen  in  a 
4-liter  chamber  through  which  oxygen- 
nitrogen  from  a  tank  of  premixed  gas  was  fed 
Tig.  1).  Flow  rate  was  adjusted  to  approxi¬ 
mately  0.5  kg/cm/min  and  temperature 
inside  the  bottle  was  the  same  as  room 
temperature. 


wciv  contained. 

Simulated  altitude  was  achieved  in  a  6-man 
cylindrical  altitude  chamber  12  feet  in  length 
and  8  feet  in  diameter.  The  ascending  rate 
of  the  chamber  was  2000  feet  per  minute 
until  it  reached  4S0  mmHg  (approximately 
13.500  feet)  or  0.6  standard  atmosphere. 
Ventilation  of  die  chamber  was  continued 
through  the  course  of  the  experiments. 
Control  mice  were  held  immediately  outside 
the  chamber.  Temperatures  inside  and 
outside  the  chamber  were  identical. 

Survival  time  from  infection  until  death 
was  recorded  for  mice  in  each  of  the  experi¬ 
mental  groups  and  significance  of  the  mean 
was  determined  for  the  first  50%  of  the  mice 
to  die 

ttacterioioglc  examination:  Organs  removed 
from  infected  mice  were  homogenized  in 
sterile  saline,  serially  diluted,  and  plated  on 
Brain  Heart  Infusion  plates.  Cultures  were 
quantitated  after  18  hours, 

Hgrmogk&a  aaaly&ls:  Blood  was  obtained 
from  each  mouse  by  retrocrbitul  Weeding  and 
allowed  to  clot.  Haemoglobin  types  were 
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determined  by  vertical  starch  gel  electro¬ 
phoresis  using  minor  modifications  of  the 
Smithies  procedure  (B’:skwell  and  Huang, 
1965). 

Statistical  analysis :  Significance  of  differ¬ 
ences  in  survival  times  was  determined  by  a 
‘t’  test. 

RESULTS 

Mouse  survival  studies 

Treatment  with  10%  oxygen  immediately 
after  inoculation  with  S.  aureus  or  K.  pneu¬ 
moniae  was  a  significant  factor  in  extending 
survival  times  when  compared  to  those  of 
conti  >1  mice  breathing  room  air  (Table  1). 
In  contrast,  hypoxic  stress  initiated  by  reduc¬ 
ed  pressure  (0.6  atm.)  was  not  only  ineffective 
in  extending  survival  times  of  mice  infected 
with  either  organism  but  actually  shortened 
survival  times.  When  treatment  with  10% 
oxygen  was  delayed  ISO  minutes  after  inocu¬ 
lation  of  mice  with  S,  aureus  or  A.  pneumoniae 
no  significant  alteration  of  survival  time  was 
obtained  (Table  2).  Experiments  with  the 
Smith  strain  of  6*.  aureus  gave  results  identical 
to  those  obtained  with  tlio  Giorgio  strain. 

Effect*  of  hypoxia  oo  organ  bacteria)  counts 

Quantitation  of  S',  aureus  and  A',  pneumo¬ 
niae  in  host  tissue  after  inoculation  was 
conducted  in  order  to  detect  possible  anti¬ 
bacterial  activity  of  hypoxic  stress,  O  t* 
parison  of  plate  counts  demonstrated  no 
difference  in  numbers  of  viable  organisms  in 
lungs  or  livers  of  mice  infected  with  A\ 
pneumoniae  and  exposed  to  10%  oxygen  or 
normal  room  air  { Table  3).  Pulmonary 
ami  hepatic  tissue  of  mice  exposed  to  the 
same  conditions  and  infected  with  S,  aureus, 
however,  was  more  heavily  invaded  following 
hypoxic  treatment.  Treatment  with  0.6 
atm.  futd  no  appreciable  effect  on  bacterial 
counts. 
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Table  2 

Effect  of  delayed  treatment*  with  10%O2on  survival  times  of  mice  infected  with 
Klebsiella  pneumoniae  or  Staphylococcus  aureus. 


MST50** 


S.  aureus 


K.  pneumoniae 


20%  02  10%  02  20%  02  10%  02 
218  3+21.1  220.2+  27.2  274.8±65.7  272.0±39'2 


No.  Mice  20  19 

'Treatment  with  hypoxic  stress  begun  I  SO  minutes  following  inoculation  of  mice  witn  104  viable  organisms. 
"Mean  survival  time  (in  minutes)  for  first  S0%  of  (he  mice  to  die.  Expressed  as  meant  standard  deviation. 


Table  3 


Bacterial  invasion*  of  livers  and  lungs  of  mice  exposed  to  hypoxic  stress. 


A'  pneumoniae  S.  aureus 


20%  02 

10%  02 

20%O2 

10%  o2 

Liver 

1.4x10s 

X 

A—* 

<£ 

| 

! 

) 

7,0x10* 

1.1  x  10s 

Lung 

2.4  x  10s 

3.7x10s 

*.5x  106 

9.0x  106 

•Organlstm/ml  homogenate  obtained  from  average  of  viable  counts  of  live.-  or  lungs  from  three  uiioc.  Similar 
results  were  obtained  in  repeated  experiments. 


Relationship  of  haemoglobin  type  to  suscep¬ 
tibility  to  Infection 

The  electrophoretic  patterns  of  haemoglo¬ 
bins  for  all  mice  tested  fell  into  two  principal 
groups,  single  and  diffuse,  as  described  by 
previous  workers  (Schmidt  and  Ball,  1970); 
the  mice  with  the  single  haemoglobin  [Whom 
constituted  approximately  three-fourths  of 
those  tested.  Both  major  haemoglobin  groups 
could  be  subdivided  electrophoreticaily, 
(fig,*),  but,  as  a  result  of  preliminary  studies, 
were  only  regarded  as  two  groups  on  the 
basis  of  survival.  Untreated  mice  with  the 
diffuse  hr  utglobin  pattern  were  more 
resistant  to  infection  with  A',  aureus  or  A*. 
pneumoniae  than  those  with  die  single  pattern 
(Table  4).  Mice  with  either  single  or  diffuse 
haemoglobin  types  responded  to  tltc  betve- 
lictsl  effca  of  10%  oxygen  treatment  after 
infection  with  S,  aureus, 

Vul,  S  No.  2  JU*  i974 
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Pig.  2— Efectmphuietic  paltcrtu  of  uuhuc  haeuio- 
glebhv 


DISCUSSION 

Although  tissue  hypoxia  may  be  art  ulti¬ 
mate  result  of  infection,  hypoxic  stress  can, 
if  begun  before  infection  is  well  established, 
affect  lctltal  events  which  normally  occur 
later  during  the  infection  sequence.  Abitude- 
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Table  4 

Relationship  of  haemoglobin  type  and  survival  time*  following  bacterial  infection. 

K.  pneumoniae  S.  aureus 

Single  Type  Diffuse  Type  Single  Type  Diffuse  Type 

Survival  Time  254.4*54.9  299.6*60.0**  221.6*10.4  248.7*17.5** 

No.  Samples  51  45 

•Mean  survival  time  (in  minutes)  ±  standard  deviation. 

•’Significantly  different  from  single  type  haemoglobin  survival  value  (p  <,  0.05). 


dependent  regulation  of  enzyme  activity  has 
been  previously  reported  (Berry,  1971)  and 
could  influence  host  survival  by  increasing 
pools  of  certain  essential  enzymes.  The 
relatively  short  time  span  of  the  experiments 
in  our  study  makes  actual  enzyme  synthesis 
unlikely.  Activation  of  certain  pre-existing 
enzymes  and  alteration  of  metabolic  or 
physiologic  processes  normally  present  would 
be  a  more  probable  occurrence. 

The  fact  that  10%  oxygen  is  equivalent  to 
the  hypoxic  stress  of  a  5000  ft  greater  altitude 
than  0.6  atm.  may  be  responsible  for  the 
difference  observed  in  effect  on  survival  times. 
Previous  investigations  with  S,  aureus  (Barn¬ 
well  vt  at,,  1966)  demonstrated  that  pro¬ 
longed  host  survival  times  could  be  obtained 
with  either  degree  of  hypoxic  stress  and  that 
their  effects  were  additive.  In  an  attempt  to 
explain  this  discrepancy,  the  Smith  strain 
of  5.  uums  used  in  these  investigations  and 
the  Giorgio  strain  reported  here  were  com¬ 
pared  in  a  repeated  set  of  survival  experiments 
using  10%  oxygen  and  0.6  atm,  as  treatments. 
Identical  result  supporting  our  previous 
observations  were  obtained  with  both  strains 
of  6*.  aurem.  This  leaves  the  possibility  that 
differences  in  mouse  strains  used  could 
account  for  variation  in  resets  obtained. 

Specific  adaptation  to  hypoxic  stress  could 
prepare  the  host  for  infection-induced  hypo¬ 
xia  (Oski  et  ul„  1970;  Tioch  and  Lenfant, 
1972).  For  this  reason  (actor's  which  regulate 
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haemoglobin  affinity  for  oxygen  were  con¬ 
sidered.  A  protective  role  for  haemoglobin 
oxygen  affinity  during  infection  was  indi¬ 
cated  by  the  correlation  between  haemoglo¬ 
bin  type  and  survival  time  of  untreated  mice 
following  bacterial  challenge.  Physiologic 
studies  of  the  two  haemoglobin  types  should 
be  considered  to  determine  if  their  oxygen 
affinities  are  significantly  different.  A  clrange 
of  one  amino  acid  in  the  molecule  could 
affect  the  allosteric  response  of  the  haemoglo¬ 
bin  molecule  to  oxygen  loading  and  other 
ligands  (Finch  and  Lenfant,  1972).  Other 
traits  genetically  associated  with  haemoglobin 
could  also  be  fespons*b&  for  the  enhanced 
resistance  to  injection.  IMu  in  preparation, 
however,  will  show  that  at  least  part  of  the 
effect  of  hypoxic  ttea^nt  in  infected  animals 
is  through  partial  retardation  of  2,  Miphos- 
phoglyceratrt  depletion.  This  depletion  is 
known  to  occur  during  septic  shock  (Oslo 
ei  uL  1970).  and  its  retardation  would 
promote  delivery  of  oxygen  to  host  tissue 
(Baton  el  a/.,  1970;  Baumann  et  at 1971). 

Enhanced  phagocytic  activity  has  been 
suggested  as  a  possible  explanation  for  tire 
beneficial  effects  of  hypoxic  treatntent  on 
infection  (Schmidt  and  Ball,  1970).  Altera¬ 
tions  of  bacterial  numbers,  however,  do  not 
seem  to  account  for  effects  on  survival  rimes 
reported  here.  Increased  numbers  of  staphy¬ 
lococci  in  tissues  of  mice  treated  with  10% 
oxygen  may  be  more  important  in  prolonged, 
sublethad  infections.  This  could  explain  why 
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hypoxia  has  been  reported  to  adversely  affect 
the  healing  rate  of  staphylococcal  lesions 
(ball  and  Schmidt,  1971).  Failure  to  find  a 
similar  phenomenon  during  infection  with 
A.  pneumoniae  indicates  that  specific  charac¬ 
teristics  of  the  bacteria  must  also  be  consi¬ 
dered.  Clearance  of  staphyloccoci  has  been 
reported  to  be  inhibited  by  hypoxia,  but  the 
same  treatment  had  no  effect  on  removal  of 
Proteus  mirabilis  from  mouse  lungs  (Schmidt, 
1969). 

It  can  be  concluded  that  artificially  induced 
hypoxia,  of  sufficient  degree  begun  before 
infection  is  well  established,  can  prolong 
survival  times  of  mice  infected  with  S. 
aureus  or  A.  pneumoniae .  apparently  through 
effects  on  host  metabolism. 

SUMMARY 

Comparative  studies  of  the  effect  of  hypo¬ 
xic  stress  on  infection  with  gram  positive  or 
gram  negative  bacteria  were  conducted. 
Survival  times  of  mice  infected  with  either 
S.  aureus  or  A’,  [meumoni/.te  were  significantly 
extended  by  treatment  with  10%  oxygen 
begun  immediately  post  infection.  Delayed 
treatment  was  ineffective.  Hypoxia  induced 
by  0.6  aim,  was  detrimental  in  treatment  of 
infected  mice.  This  latter  treatment  had  no 
effect  on  bacterial  counts  in  organs  of  in* 
levied  mice.  Treatment  with  10%  oxygen 
did.  however,  increase  numbers  of  6\  aureus 
in  lungs  and  livers  of  infected  mice,  No 
effect  of  this  treatment  on  bacterial  counts 
was  seen  in  mice  challenged  with  A',  pneumo¬ 
niae,  Mice  with  diffuse  type  haemoglobin 
were  found  to  be  more  resistant  to  both 
infections  than  am,., ah  with  the  single  type 
haemoglobin.  Thus,  under  some  eifcum- 
stsm&j*.  hyposta  can  prolong  survival  times 
of  mice  infected  with  V.  aureus  or  A.  pmattib 
*!<k\  apparently  through  effects  on  host 
metabolism. 
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